DNase I hypersensitive regions were mapped within the 17.3-kilobase qa (quinic acid) Activator-independent mutations (qa-2ai) that allow transcription of one qa gene, qa-2, in the absence of a functional qa-JF gene have been described (5). A study of these qa-2ai mutations has resulted in the identification of a 105-base-pair (bp) region in the 5'-flanking region ofqa-2 that is required for qa-JF'-mediated induction of qa-2 transcription (6). This region has been shown to be flanked by two DNase I hypersensitive sites (HSSs) in chromatin, one of which is detected in qa-JF' (inducible) strains but not in qa-1F-(noninducible) strains and which may be created as a result of direct activator protein binding (7). In addition, DNase I cleavage at both HSSs is enhanced upon induction with quinic acid.
DNase I hypersensitive sites under noninducing conditions and generally exhibit increases in DNase I cleavage upon induction of transcription with quinic acid. The two large intergenic regions of the qa gene cluster appear to be similarly organized with respect to the positions ofconstitutive and inducible DNase I hypersensitive sites. Inducible hypersensitive sites on the 5' side of one qa gene, qa-x, appear to be differentially regulated.
Employing these and previously published data, we have identified a conserved sequence element that may mediate the activator function of the qa-IF regulatory gene. Variants of the 16-base-pair consensus sequence are consistently found within DNase I-protected regions adjacent to inducible DNase I hypersensitive sites within the gene cluster.
The qa gene cluster of Neurospora crassa consists of five structural genes and two regulatory genes involved in the utilization of quinic acid as sole carbon source (1) . Transcription of the qa genes is induced by quinic acid and is coordinated by the qa-JF and qa-JS regulatory genes. The regulatory genes are constitutively expressed at a low level in the absence of inducer, but are also subject to induction and to autoregulation (2) (3) (4) . The qa-JF regulatory gene encodes a positive regulatory (activator) protein generally required for transcription of the qa structural genes, while the qa-JS regulatory gene encodes a negative regulatory (repressor) protein that directly or indirectly blocks this transcription (1) . Three pairs of qa genes, including four structural genes and the two regulatory genes, share 5'-flanking regions (Fig. LA) . This interesting gene organization may enable regulatory sequences within these intergenic regions to exert dual control over divergently transcribed genes.
Activator-independent mutations (qa-2ai) that allow transcription of one qa gene, qa-2, in the absence of a functional qa-JF gene have been described (5) . A study of these qa-2ai mutations has resulted in the identification of a 105-base-pair (bp) region in the 5'-flanking region ofqa-2 that is required for qa-JF'-mediated induction of qa-2 transcription (6). This region has been shown to be flanked by two DNase I hypersensitive sites (HSSs) in chromatin, one of which is detected in qa-JF' (inducible) strains but not in qa-1F-(noninducible) strains and which may be created as a result of direct activator protein binding (7) . In addition, DNase I cleavage at both HSSs is enhanced upon induction with quinic acid.
The association of an "inducible" DNase I HSS, affected by qa-1F-mutations, with a region shown to be required for qa-1F'-mediated induction of transcription has led us to consider the positions of other inducible HSSs within the 17.3-kilobase (kb) qa gene cluster. Mapping the positions of nuclease HSSs as well as nuclease protected regions within the gene cluster has aided us in evaluating putative regulatory sequences involved in qa gene transcription. In addition, the data presented here provide insights into the chromatin organization of the gene cluster, the relationship between gene activation and inducible DNase I HSSs, and the effect of qa-1F' expression on qa chromatin structure.
MATERIALS AND METHODS
Strains 74-0R23-1A (74A wild type), 158 (qa-1F-arom-9-), 158-33-1 (qa-2ai qa-1F-arom-9-; ref. 5) , and 158-33-10 (qa-2al qa-1F+; ref. 6) were used in this study. Strains 158-33-1 and 158-33-10 will be referred to as strains 33-1 and 33-10, respectively.
Uninduced and induced cultures were grown, and nuclei were isolated as described (7) . Nuclei were treated with DNase I, and DNA was isolated as described (7) . DNase I HSSs were mapped by the indirect labeling procedure (8) . Southern blots were hybridized to 32P-labeled probes prepared as described by Feinburg and Vogelstein (9) and exposed to Kodak XAR-5 film for 3-10 days with an intensifying screen at -700C. Densitometry was performed using a Beckman DU-8 spectrophotometer equipped with gel-scanning software.
A homology search of the qa gene cluster was conducted using the Intelligenetics SEQ/ALIGN program, which employs the Needleman Wunsch algorithm.
RESULTS
Mapping DNase I HSSs in the qa Gene Cluster. The strategy used to map HSSs within the qa gene cluster is outlined in Fig. IA DNase I HSSs in the qa-x-qa-2 Intergenic Region. The positions of DNase I HSSs within the qa-x-qa-2 intergenic region have been reported, and inducible HSSs within this region have been shown to be under qa-lF control (7). Nucleotide position -512 is equidistant from the +1 sites of transcription initiation of the two divergently transcribed genes and arbitrarily serves as the border between qa-x and qa-2 chromatin. In Fig. 2 Differential Regulation of Inducible HSSs. To test the effect that physical disruption of the qa gene cluster has on the appearance of inducible HSSs, we mapped the positions of HSSs in the 5'-flanking region of qa-x in the qa-2ai rearrangement mutants 33-1 (qa-2a5 qa-lF-) and 33-10 (qa-2ai qa-IF+). In these mutants, the qa-x gene has been separated from the rest of the qa gene cluster by a rearrangement mutation whose breakpoint occurs at nucleotide position -645 on the 5' side of qa-x (position -379 on the 5' side of qa-2) (5, 6). Southern blot analysis demonstrates that chromatin from uninduced 33-1 exhibits the position -300, -210, and -90 HSSs ofqa-x as well as the -430 HSS ofqa-2, now separated from the 5'-flanking region of qa-2 ( Fig. 1B , demonstrated that the levels of DNase I digestion in these nuclear preparations are within the range observed for wild-type nuclei (data not shown).
genotype. Upon induction, enhanced DNase I cleavage can be detected within the position -300 to -90 region of qa-x, the pattern ofDNase I cleavage being similar to that observed for induced 33-1 chromatin. Thus, in contrast to the position -475 HSS, the HSSs within the position -300 to -90 region of qa-x appear to be largely unaffected by the qa-iFr mutation. These data are summarized in Table 1 .
Similar Chromatin Organization in the qa-x-qa-2 and qa-4-qa-3 Intergenic Regions. The organization of DNase I HSSs within the qa-4-qa-3 intergenic region is similar to that of the qa-x-qa-2 intergenic region (Fig. 4) . In uninduced wild type, three HSSs are observed in the 5'-flanking region of qa-3 centered near positions -510, -375, and -120 while only one weak HSS is observed in the 5'-flanking region of qa-4, centered near position -540 relative to the +1 site of transcription of that gene (Fig. 4, qa-3 probe) . Upon induction, the 5' region of qa-3 exhibits additional HSSs near positions -290, -220, and -40 while the 5' region of qa-4 exhibits additional HSSs near positions -430 and -320. The -500-bp DNase I-hypersensitive region bracketed by the position -510 and -40 HSSs of qa-3 in induced wild-type chromatin is interrupted by three short DNase I-protected regions. The dramatic change in qa-4 chromatin structure observed upon induction is more obvious when a qa-4 probe is used for Southern blot analysis (Fig. 4, qa-4 
probe).
Several comparisons can thus be made between the two intergenic regions. First, the predominant regions of DNase I cleavage in uninduced wild type are located in the 5'-flanking regions of qa-2 and qa-3. The position -430 to -330 region of qa-2 and the position -510 to -375 region of qa-3 extend for at least 100 bp and are interrupted by short regions protected from DNase I digestion. In uninduced wild type, both genes exhibit somewhat weaker DNase I HSSs closer to their 5' ends. Second, the 5'-flanking regions of qa-x and qa-4 exhibit relatively weak DNase I cleavage in uninduced wild type but strong DNase I cleavage in induced wild type. Third, as a group, the inducible HSSs of qa-x, qa-2, qa-3, and qa-4 tend to be located closer to the 5' ends of their respective genes than do the "constitutive" HSSs.
DNase I HSSs on the 5' Side of qa-y. The qa-y gene is the only gene in the qa gene cluster not paired with a divergently transcribed gene (Fig. 1A) tural genes, DNase I cleavage extends more to the distal rather than to the proximal 5' region upon induction.
DNase I HSSs of the qa Regulatory Genes. The qa-JS and qa-IF regulatory genes are divergently transcribed from a 370-bp intergenic region (ref. 1 and Fig. 1A ). +100(-470) (Fig. 5, qa-iF probe) . The predominant HSS in this region is the position -220(-150) HSS that extends for at least 130 bp. Upon induction, an additional HSS can be detected adjacent to this region near position -120(-250), although some DNase I cleavage at this site may be observed in uninduced wild type. Unlike most of the qa structural genes, then, the qa regulatory genes exhibit relatively little change in their DNase I HSSs upon induction.
DISCUSSION
We have shown (7) that inducible DNase I HSSs within the qa-x-qa-2 intergenic region of Neurospora crassa are under the control of the qa-JF positive regulatory gene. In this study, we show that quinic acid induction of the qa gene cluster is accompanied by dramatic alterations in the 5' chromatin structure of all qa structural genes. A correlation appears to exist between the magnitude of mRNA induction and the inducibility of DNase I HSSs (see below). The organization of DNase I HSSs within the two large intergenic regions of the gene cluster appear to be similar. Evidence is also presented that suggests that the inducible HSSs of one qa gene (qa-x) are differentially regulated.
The chromatin organizations of the qa-x-qa-2 and qa-4-qa-3 intergenic regions appear to be similar with respect to the positions of DNase I HSSs in induced and uninduced wild-type chromatin. The most prominent HSSs in uninduced chromatin are located within the qa-2 and qa-3 halves of the intergenic regions, centered -300-500 bp upstream from the +1 sites of transcription initiation. In addition, both genes have less prominent HSSs located closer to their 5' ends and exhibit increases in DNase I cleavage in these regions upon induction. Some ofthe similarities in constitutive HSSs could be due to similarities in the DNA secondary structure of the two regions (12) . Upon induction, dramatic increases in DNase I cleavage occur within the qa-x and qa-4 5'-flanking regions, which exhibit relatively weak DNase I HSSs in uninduced wild-type chromatin. The qa-4 gene appears to be unique in that the nearest HSS is located near position -320, a considerable distance away from the + 1 site of transcription initiation.
qa-y differs from the other structural genes in that it is not paired with a divergently transcribed gene and exhibits inducible DNase I HSSs primarily upstream from its constitutive HSSs. This striking difference in organization of HSSs could be explained if qa-y had originally shared its 5'-flanking region with another gene that was subsequently lost. If the orientation were reversed, this common 5'-flanking region would resemble the qa-x-qa-2 and qa-4-qa-3 regions fairly closely (compare Fig. 2 , qa-x probe; Fig. 4 , qa-4 probe; and Fig. 5 , qa-y probe). It is interesting to note that the inducible HSSs of qa-y are located between the first and second mRNA termination sites of qa-lS (1, 3) .
Employing a qa-2ai rearrangement mutant, we tested the effect that physical disruption of the qa gene cluster has on the appearance of inducible HSSs. Our results indicate that the 158-33 rearrangement mutation, which separates qa-x from the gene cluster, alters the normal pattern of DNase I cleavage in the 5'-flanking region of qa-x insofar as two inducible HSSs (at positions -300 and -90) are observed in the absence of qa-lF+. The remaining inducible HSS, centered near position -475, is detected only in the qa-lF+ strain 33-10. Interestingly, DNase I cleavage within the position -300 to -90 region appears to be enhanced in both 33-1 (qa-lF-) and 33-10 chromatin upon induction with quinic acid. Apparently, the HSSs within the position -300 to -90 region, although still affected by inducer, are not directly affected by the qa-1F-mutation. This differential regulation of DNase I HSSs suggests that qa-x transcription may be directly controlled by more than one regulatory factor. In transcription is not exclusively dependent on qa-JF' and may be partially regulated by catabolite repression (6, 13) . We had shown that the inducible position -165 HSS of qa-2 could not be observed in induced 33-1 chromatin (7). In the course of this study, we also observed that the inducible HSSs on the 5' side of qa-3, qa-4, and qa-y are not detected in induced 158 or 33-1 chromatin (data not shown), suggesting that the majority of inducible DNase I HSSs in the qa gene cluster are dependent on qa-1F'. The mechanism by which the 158-33 rearrangement alters qa-x chromatin structure has not been determined, but could involve changes in the torsional stress on DNA in chromatin (14) . Alternatively, since DNase I cleavage within the position -300 to -90 region ofqa-x appears to be affected by inducer in strain 33-1, it is conceivable that the qa-JS regulatory protein may be involved.
In general, the qa structural genes exhibit more dramatic changes in DNase I HSSs upon induction than do the qa regulatory genes. Transcriptional activation of the qa structural genes probably involves a 300-to 1000-fold induction over basal mRNA levels (13) while the qa regulatory genes exhibit perhaps a 5S-fold induction (3, 4) . Thus, there appears to be an association between the magnitude oftranscriptional activation and the inducibility of HSSs among these coordinately regulated genes.
Hypersensitive regions in the 5'-flanking regions of the qa genes often extend for 100-500 bp and are interrupted by short regions protected from DNase I digestion. Some of these protected regions are likely to correspond to sites of specific protein-DNA interactions (15, 16) (Fig. 4) . Each of the qa structural genes possesses at least one putative regulatory sequence with the possible exception of qa-x, which contains only one such sequence centered at position -512, adjacent to the inducible position -475 HSS and equidistant from qa-x and qa-2. Only one inducible hypersensitive region, the position -300 to -90 region of qa-X, lacks this conserved sequence, a result consistent with the above observation that the HSSs within this region may not be directly under qa-JF control.
The association of the conserved sequence element, presumably a recognition sequence for the qa-JF activator protein, with inducible HSSs within the qa gene cluster may explain the association between qa mRNA induction and alterations in chromatin structure. Inducible HSSs may reflect the extent of activator protein binding that in turn ultimately determines the magnitude of mRNA induction. The locations of the sequence elements and inducible HSSs relative to the + 1 sites of transcription are variable, suggesting that the activator protein may exert its effect over considerable distances.
Note Added in Proof. We have overproduced the qa-JF activator protein in insect cell culture using a baculovirus expression vector. DNase I "footprinting" experiments demonstrate that the activator does indeed bind to the 16-bp sequence element identified in this paper.
